ABSTRACT: Valgus unloader braces are a conservative treatment option for medial compartment knee osteoarthritis that aim to unload the damaged medial compartment through application of an external abduction moment. Patient response to bracing is highly variable, however. While some experience improvements in pain, function, and joint loading, others receive little to no benefit. The objective of this work was to analyze clinical measures and biomechanical characteristics of unbraced walking to identify variables that are associated with the mechanical effectiveness of valgus unloader bracing. Seventeen patients with medial knee osteoarthritis walked overground with and without a valgus unloader brace. A musculoskeletal model was used to estimate the contact forces in the medial compartment of the tibiofemoral joint and brace effectiveness was defined as the decrease in peak medial contact force between unbraced and braced conditions. Stepwise linear regression was used to identify clinical and biomechanical measures that predicted brace effectiveness. The final regression model explained 77% of the variance in brace effectiveness using two variables. Bracing was more effective for those with greater peak external hip adduction moments and for those with higher Kellgren-Lawrence grades, indicating more severe radiographic osteoarthritis. The hip adduction moment was the best predictor of brace effectiveness and was well correlated with several other measures indicating that it may be functioning as a "biomarker" for good bracing candidates. Clinical Significance: The ability to predict good candidates for valgus bracing may improve issues of patient compliance and could enable the ability to train patients to respond better to bracing. ß
Valgus unloader braces are a conservative treatment option for medial compartment knee osteoarthritis. Osteoarthritis has been linked to a mechanical overloading of the cartilage. [1] [2] [3] Valgus braces strive to redistribute the loading in the knee through the application of an external abduction moment, thus unloading the damaged medial compartment. In theory, this unloading will improve pain and function and slow progression of the disease.
Despite the theoretical benefits of unloader braces, results have been highly variable. 4 Some have found positive changes in a variety of outcome measures, including pain and function, [5] [6] [7] medial joint space, 8 knee adduction moment, 9, 10 and in vivo medial compartment loading. 11 Others, however, have found little or no benefit to unloader bracing, 12, 13 especially over other conservative treatments such as physiotherapy 14 and these differences have been found regardless of compliance issues. Inconsistent results may be due in part to the different outcome measures assessed as well as variation in brace designs and the follow-up time. However, even within single studies the effectiveness of bracing, as assessed by a variety of outcome measures, has been found to vary depending on the patient. 11, 15, 16 Reasons for this variability in patient response are unclear.
One mechanism that has been suggested for bracing is correction of frontal plane alignment. Some have theorized that bracing may be more successful for those with larger degrees of varus misalignment. 13, 17 However, it was found that frontal plane alignment is not related to reductions in pain after 12 weeks of bracing. 5 Many brace designs provide a mechanism for modifying the valgus alignment of the brace thereby changing the abduction moment applied. Although increasing the applied moment has been found to decrease the knee adduction moment and medial compartment load, 9, 11, 18 this does not fully explain the variability in response to bracing; therefore, a need to identify characteristics of good bracing candidates still exists.
The ability to identify good candidates for unloader bracing could be highly beneficial. Braces can cause discomfort, especially at greater valgus settings, 11 and patient compliance is one of the largest issues with this treatment option. 19, 20 While problems with discomfort or aesthetics may cause some to stop wearing a brace, non-compliance could also be due in part to a lack of perceived or real benefit to bracing. A better understanding of patient characteristics that increase brace effectiveness could also lead to improved brace designs. Since valgus braces are designed to mechanically unload the medial compartment, reduction in medial compartment loading provides an objective measure of mechanical brace effectiveness. The objective of this work was to analyze clinical measures and biomechanical characteristics of unbraced walking to identify variables that are associated with the mechanical effectiveness of valgus unloader bracing. We hypothesized that it would be possible to predict mechanical effectiveness using a combination of clinical and unbraced biomechanical measures.
METHODS
Therapeutic Study-Level of Evidence II Data Collection Nineteen people with symptomatic and radiographic evidence of knee osteoarthritis diagnosed by an orthopaedic surgeon were recruited for this study. They were recreationally active and able to walk a city block, not currently taking medications for any neurological, cardiovascular, or metabolic disorders, and had no lower limb surgeries within the last year. Participants were recruited after being prescribed a valgus unloader brace, but had not used one previously. Two participants had substantial valgus alignment (hipknee-ankle angle >4˚) and were removed from this study leaving 17 participants. The final participants included eight females and nine males who had a mean age of 54.4 AE 4.2 years and mean BMI of 30.0 AE 4.0 kg/m 2 . This study was approved by the institutional ethics review board. Participants provided informed written consent and completed the WOMAC questionnaire on knee health. 21 Full length standing radiographs were taken and Kellgren-Lawrence grades 22 were assigned by an orthopaedic resident and a radiologist. The participants had a median Kellgren-Lawrence grade of 4 (2 KL1, 1 KL2, 5 KL3, 9 KL4), mean hip-knee-ankle angle of À6.8 AE 5.6˚, and mean medial joint space of 2.1 AE 1.8 mm.
Overground walking trials were performed at the Human Mobility Research Laboratory in Kingston, ON with an 11 camera motion capture system (Oqus 400, Qualisys, Gothenburg, Sweden) and six tandem force plates (AMTI, Watertown, MA). Eighty-one retroreflective markers were placed on anatomical landmarks and segment clusters on the upper and lower body 23 and a static trial was collected. Anatomical markers that would interfere with the brace were then removed before walking trials were performed. Electromyography was recorded for 12 muscles on the braced leg and 3 on the contralateral leg, but was not included in this analysis. The appropriate size of knee brace (OA Assist, DJO Global, Vista, CA) was selected and fitted to the most affected leg for each participant according to manufacturer specifications. The brace was tightened to a level that the participant felt would be tolerable for four hours of activity. All participants were able to comfortably wear the brace for the approximately 30 min duration of the session. Eight additional markers were fixed to the brace to track its deformation in the frontal plane (Fig. 1) . Participants performed eight walking trials at a self-selected speed (1.32 AE 0.16 m/s) with and without a brace and a representative stride was chosen from each condition by selecting the stride with the smallest root-mean-squared difference from that participant's mean vertical ground reaction force.
Musculoskeletal Model
A generic musculoskeletal model 24 was scaled for each participant. The legs and pelvis were scaled based on the standing radiograph leg length and hip joint spacing, respectively, and the torso was scaled based on anatomical marker locations. Frontal plane knee alignment was set based on the hip-knee-ankle (HKA) angle measured radiographically. 25 Inverse kinematics, inverse dynamics, residual reduction analysis (RRA), and muscle analysis were performed in OpenSim 3.2. The external moment applied by the brace was calculated by multiplying the frontal plane brace deformation angle by its experimentally determined stiffness 26 and was included in the model. Muscle forces were then estimated using a static optimization to minimize the muscle areaweighted sum of squared activations. 27 The resulting medial and lateral tibiofemoral contact forces were calculated in MATLAB (The MathWorks, Natick, MA) using a frontal plane moment balance at fixed medial and lateral tibia contact locations. 28 Regression Model A stepwise multiple regression procedure was used to test the hypothesis that mechanical brace effectiveness can be predicted using clinical measures and biomechanical characteristics of unbraced walking. The dependent variable, brace effectiveness, was defined as the decrease in the first peak of the medial compartment contact force (MCF) from the unbraced to braced condition, DMCF ¼ MCF unbraced À MCF braced . Since the braces are designed to unload the medial compartment, the brace was considered more effective for a greater reduction in braced medial compartment contact force compared to the unbraced condition.
Independent variables that predicted brace effectiveness were identified from a pool of candidate measures using stepwise linear regression. From the standing radiographs, the hip-knee-ankle angle, medial joint space, and KellgrenLawrence (KL) grade were included as potential regressors. BMI and WOMAC pain, function, and stiffness scores were also included. From the unbraced walking trials, joint moments and angles were considered for every modeled degree of freedom in the more affected leg. To objectively select waveform features of the joint kinematics and kinetics for inclusion in the regression model, principal component analysis (PCA) was first performed on these data. 29 For each set of waveform data, the first n principal components that explained at least 80% of the variance in the data were retained and included as potential regressors. The included external moments were hip flexion, adduction, and internal rotation; knee flexion and adduction; and ankle plantarflexion. The angles included were frontal plane pelvis list; hip flexion, adduction, and internal rotation; knee flexion; and ankle plantarflexion. Unbraced walking speed, step width, and step length were also examined. Finally, the moment applied by the brace at the instant of first peak medial contact force normalized by body weight was included to determine if the variance in brace effectiveness was simply due to the applied moment. This resulted in a total of 45 potential regressors. The reasoning for choosing this list of variables is provided in Table 1 . A stepwise linear regression was then performed on these variables to determine a final regression model. Candidate measures were only considered for inclusion in the regression model if their correlation with brace effectiveness had a coefficient of determination (R 2 ) greater than 0.2. The variance inflation factor was calculated for the variables in the final regression model to test for multicollinearity and regression diagnostics were performed to ensure the validity of the model. The normality of the residuals was examined and the standardized residuals and Cook's distances were calculated.
RESULTS
The stepwise regression procedure yielded a final model that included only two independent variables. The radiographic KL grade and the hip adduction moment first principal component (PC1) score explained 77.4% of the variance in the decrease in medial contact force (R 2 ¼ 0.774). PC1 for the hip adduction moment described the magnitude of the first peak during stance (Fig. 2) . The knee unloader brace was found to be more effective for participants who had more severe radiographic osteoarthritis, as indicated by a higher KL grade, and a greater first peak external hip adduction moment during unbraced walking. Individually, the correlations of KL grade and the hip adduction moment PC1 score with brace effectiveness had coefficients of determination of 0.26 and 0.51, respectively. The moment applied by the brace was correlated with brace effectiveness (R 2 ¼ 0.34), but was not selected as a final variable.
The decrease in medial contact force was plotted against the KL grade and hip adduction moment PC1 score (Fig. 3) . Participants with KL grade 4 knee osteoarthritis were separated into two groups in terms of their response to the brace. These groups are highlighted on the KL grade (Fig. 3A) and hip adduction moment PC1 score (Fig. 3B) plots. Adding the interaction term to the regression model only increased the variance explained by 1% and the term was not statistically significant (p ¼ 0.35); therefore, the interaction term was not included in the final model.
Regression diagnostics were performed on the final model including the KL grade and hip adduction moment PC1 score. The variance inflation factor was 1 for both variables, indicating minimal multicollinearity between predictor variables and the data were normally distributed. One potential outlier (indicated with a square in Fig. 3 ) was identified based on the standardized residuals and Cook's distances. Removing this participant, the same predictor variables were identified and the R 2 for the regression model increased to 0.85. However, no reason to exclude this participant was identified, so this data point was not removed in the final analysis.
A second regression model using the KL grade and the peak hip adduction moment, as opposed to the PC1 score, as regressors was created to assess benefit of using PCA. For this regression model, the R 2 value was 0.72, which was lower than the R 2 value of 0.77 of the regression model that used the PC1 score.
DISCUSSION
Eight clinical measures, 36 biomechanical measures from unbraced walking, and the moment applied by the brace were analyzed to identify characteristics associated with reductions in medial compartment contact force using valgus unloader bracing as a treatment for knee osteoarthritis. Using stepwise linear regression, it was determined that the braces Medial joint space Brace thought to increase medial joint space 8 
Kellgren-Lawrence grade
Braces typically prescribed for moderate knee osteoarthritis BMI Associated with incidence of knee osteoarthritis 31 and may affect brace performance 32 WOMAC scores Baseline scores are associated with improvements in WOMAC scores due to bracing 5 Kinematics and kinetics Related to severity 33 and progression 1, 34 of knee osteoarthritis and often used to assess brace performance 35, 36 Brace moment Brace valgus setting found to influence mechanical effectiveness 9, 11, 18 IDENTIFICATION OF GOOD CANDIDATES FOR VALGUS BRACING were more effective for those who had more severe radiographic osteoarthritis and larger first peak hip adduction moments during unbraced walking. With these two variables, it was possible to predict the effectiveness of the brace in reducing the medial compartment contact force. These results support previous findings that static alignment is not related to the effectiveness of bracing. 5 In that study, the long-term effectiveness of bracing was assessed based on changes in WOMAC scores after 12 weeks of bracing and baseline WOMAC scores were the best predictor of bracing success. In the current study, the immediate effect of bracing on medial compartment loading was evaluated and static alignment was again found to play no role. Some have found greater reductions in medial contact force or knee adduction moment when the braces are set in greater valgus adjustment and, therefore, apply a larger external moment to the knee. 9, 11, 18 A correlation between applied brace moment and brace effectiveness was identified in the data presented here; however, it was not one of the final variables chosen. The KL grade and hip adduction moment were able to explain most of the variability in brace effectiveness regardless of the moment applied by the brace. This indicates that although brace effectiveness can be improved through a greater moment application, there are other patient characteristics that may be more important in ensuring the success of bracing.
The hip adduction moment was the best predictor of brace effectiveness. The hip adduction moment has previously been found to play a role in the pathomechanics of knee osteoarthritis. Peak external hip adduction moments are generally lower in those with knee osteoarthritis 33, 37 and knee osteoarthritis progression has been found to be slower in those with a greater peak hip adduction moment. 34 In this study, greater reductions in medial compartment contact force were observed in those with elevated first peaks of their hip adduction moment, which is more characteristic of asymptomatic gait. Thus, the hip adduction moment may play a role not only in the initiation and progression of knee osteoarthritis, but also in the effectiveness of bracing. The finding that gait characteristics can be used to predict brace effectiveness is of particular interest, because these can typically be modified. Future work should examine the possibility of using biofeedback 38 to train patients to increase their hip adduction moment prior to brace prescription to determine if this improves the outcomes of bracing.
Greater reductions in medial compartment contact force were observed for those with more severe radiographic knee osteoarthritis. This may indicate that bracing is better suited for more advanced osteoarthritis; however, since the goal of bracing is generally to slow progression, it is important to consider that in earlier stages of the disease, a smaller reduction in contact force may still be enough to be clinically beneficial. In addition, only three participants in the early stages of radiographic knee osteoarthritis (KL 1-2) were recruited; therefore, further investigation would be required to confirm this relationship and this result should be interpreted cautiously.
We theorize that the first peak of the hip adduction moment is capturing a few factors and functioning as a "biomarker" for good brace candidates. Subsequent analysis of the data showed that high hip adduction moment PC1 scores were correlated with decreased weight (R 2 ¼ 0.25), decreased knee flexion stance angle (R 2 ¼ 0.54), increased walking speed (R 2 ¼ 0.33), and increased pelvic list (R 2 ¼ 0.39). Although excessive pelvis list is considered to be a problematic gait pattern, all participants in this study fell within the range observed in asymptomatic controls in our laboratory. 26 Comparing the subgroups identified with KL grade 4 (Fig. 3) , the group that responded better to the brace had high first peak medial contact forces during unbraced level walking (2.86 AE 0.24 BW), while the group that did not respond as well had low first peak medial contact forces (1.99 AE 0.46 BW). The latter group of non-responders also had less pelvic list, hip adduction, and trunk lean, which kept their center of mass closer to their stance limb, thereby reducing their hip and knee adduction moments and medial contact force. 39 It may be that because of this gait adaptation, the brace was unable to reduce the medial contact force much further. However, brace effectiveness was better correlated with the hip adduction moment (R 2 ¼ 0.51) than it was with the unbraced first peak medial contact force (R 2 ¼ 0.29), so the smaller contact force does not fully explain the importance of the hip adduction moment to brace effectiveness. Therefore, we believe that the hip adduction moment is capturing the effect of the pelvic list phenomenon along with other correlated biomechanical factors, including the difference in knee flexion, which can have significant impact on knee contact forces.
Using the peak hip adduction moment instead of the PC1 score, the regression model still performed well, explaining 71.9% of the variance in the decrease in medial contact force. The regression model that made use of PCA did perform better (R 2 ¼ 77.4%), but there are additional benefits to using this technique. Discrete measures are somewhat subjective and can result in a large set of measures to describe the shape, while PCA provides a set of objective measures that can generally describe the shape of the entire waveform with a small number of components.
The measure of brace effectiveness used in this study was based on an estimate of the medial contact force obtained through musculoskeletal modeling. This model provides an estimate of medial and lateral point loads, but cannot predict pressures experienced by the cartilage and therefore any change in load distribution within a compartment. Furthermore, the predicted contact forces are dependent on the muscle forces, 40 which were estimated using a static optimization that would not have captured changes in neuromuscular coordination between unbraced and braced conditions 17 or due to knee osteoarthritis. 41 While we cannot guarantee our predicted contact force magnitude would match actual in vivo measurements, we are confident that the model was sensitive to the change in loading induced by the use of the knee brace. Indeed, the model was previously validated against in vivo data from a single participant walking with a variety of gait patterns and found to predict changes in medial compartment contact forces within 0.03 BW. 27 Additionally, the mean reduction in medial contact force of 9.7 AE 9.2% that was found is similar to the À1% to 23% mean reductions achieved by two different braces as measured in vivo in three subjects with instrumented tibia implants. 11 Another limitation is that neither long nor short term symptomatic effectiveness or participant's subjective opinion of the brace was considered. However, given that the brace is designed to have an immediate mechanical effect 42 and that a strong link exists between mechanical loading and progression of osteoarthritis, we believe that the reduction in medial contact force was a suitable objective measure of brace effectiveness.
Radiographic severity as measured by the Kellgren-Lawrence grade and the magnitude of the hip adduction moment predicted patient response to valgus unloader bracing. The ability to identify good candidates for bracing can help to ensure that those suffering from knee osteoarthritis receive the treatment that will be most effective for them. This may also help with the problem of patient compliance as those who respond to bracing may be more likely to continue with brace use if the reduced loading results in relief of symptoms and if braces can be prescribed with more confidence of mechanical effectiveness. It is also noteworthy that the potential to train patients to respond better to bracing may exist.
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